Introduction

71
The incidence of infections due to carbapenem-resistant Enterobacterales 72 (CRE) is rapidly rising, posing a major challenge to public health globally (WHO, 2017) . 73
Indeed, carbapenem-resistant Klebsiella pneumoniae, the most clinically significant 74 member of CRE, was recently highlighted as the fastest-growing resistance threat in 75
Europe in terms of number of infections and attributable deaths (Cassini et al. 2019) . 76
The largest subset of CRE, the carbapenemase-producing Enterobacterales 77 (CPE), hydrolyse carbapenems and other beta-lactam antibiotics using diverse types 78 of beta-lactamase enzymes called carbapenemases (David et al. 2019) . Genes 79 encoding these carbapenemases are usually located on plasmids which can transmit 80 vertically along clonal lineages as well as horizontally between different strains and 81 species (Mathers et al. 2011; Martin et al. 2017 ). Within plasmids, carbapenemase 82 genes are also frequently associated with smaller mobile genetic elements such as 83 transposons and mobile gene cassettes inserted into integrons, extending their 84 recombinatory capability to multiple nested levels (Sheppard et al. 2016) . 85
Next-generation sequencing using short-read technologies has vastly improved 86 our ability to unravel the complexities of infectious disease epidemiology. In particular, David et al. 2019 ). These surveillance approaches typically use differences 90 in a defined chromosomal region (the "core genome") that are determined by mapping 91 sequence reads to a reference. However, advances in short-read sequencing have 92 not enabled the same high-resolution tracking of plasmids since, typically being 93 mosaic and recombinant, these usually require de novo assembly for accurate 94 comparison. Unfortunately plasmid assemblies derived from short-read data are 95 usually highly fragmented as a result of numerous repetitive elements (e.g. insertion 96 sequences), and often cannot be distinguished from chromosomal sequences. 97 5 carbapenemase genes were clustered into genetic context (GC) groups, based on the 136 order and nucleotide similarity of genes flanking the carbapenemase gene 137 ( Supplementary Tables 1 and 2) . Full contig sequences were used for this analysis. 138 Contigs with fewer than four genes were excluded. 139
By this criterion, we identified 3, 10, 15 and 45 GC groups of isolates with 140 different genetic contexts of blaOXA-48-like, blaVIM, blaNDM and blaKPC genes, respectively 141 (Table 1) . Overall, 184/696 (26.4%) of carbapenemase-carrying contigs could be 142 unambiguously assigned to one of these groups. Assignment rates were higher for 143 isolates carrying blaVIM and blaNDM, and lower for those carrying blaKPC and blaOXA-48-144 like. In particular, only 4/249 (1.6%) of blaOXA-48-like-carrying isolates could be assigned 145 to a GC group due to the small size of the contigs, which typically carried only blaOXA-146 48-like +/-lysR genes. 147
We selected one isolate from each GC group for long-read sequencing, with 148 the exception of one blaOXA-48-like group and two blaKPC groups for which representative 149 isolates were unavailable. Furthermore, since the above-described process resulted 150 in selection of only two blaOXA-48-like-carrying isolates, we also selected an additional 151 eight. These had blaOXA-48-like-carrying contigs with ≥4 genes and, despite not 152 clustering unambiguously into a single GC group, matched different combinations of 153 other blaOXA-48-like-carrying contigs ( Supplementary Table 2 ). They were therefore 154 deemed the most likely to represent different plasmids amongst the remaining 155 isolates. We also long-read sequenced another four blaOXA-48-like-carrying isolates 156 which were positive for two carbapenemase genes and had been selected as 157 representatives of blaKPC, blaVIM or blaNDM GC groups. Furthermore, one isolate 158 selected as a representative of a blaKPC GC group also harboured blaVIM. Finally, we 159 long-read sequenced two blaKPC-carrying isolates from the same GC group to 160 investigate possible within-hospital plasmid transfer, since they were submitted from 161 the same hospital but belonged to different sequence types (ST). We assembled long-read sequencing data together with the previously 168 obtained short reads for 79 isolates, encoding a total of 84 carbapenemase genes 169 6 (Supplementary Table 3 ). The total number of contigs in the resulting hybrid 170 assemblies ranged from 2-44 (median, 9). In 61/79 (77.2%) hybrid assemblies, the 171 largest contig was ≥5Mb, indicating that all, or most, of the chromosomal sequence 172 assembled into a single contig. The assemblies contained 1-8 plasmid replicons 173 (median, 4), which are sequences used for defining plasmid incompatibility (Inc) 174 groups (Carattoli et al. 2014 ). Multiple plasmid replicons were commonly found on the 175 same contig, representing fusions between different plasmid types. 176
We found one copy of each carbapenemase gene in the hybrid assemblies. 177
Five (3x blaOXA-48-like, 1x blaKPC, 1x blaVIM) were located on contigs ranging in size from 178 3.3-5.4Mb, each representing either a partial or putatively complete chromosomal 179 sequence. The remaining 79 genes were located on contigs ranging in size from 2.5-180 313.6kb, which are hereafter described as putative plasmid sequences. Indeed, a 181 plasmid origin is supported by the circularisation of 44 (55.7%) of these sequences, 182
as well as the identification of plasmid replicons in 65 (82.3%). Of 11/79 (13.9%) 183 putative plasmid sequences that could neither be circularised nor contained plasmid 184 replicons, we found additional evidence of a plasmid origin for ten (see Amongst the 14 blaOXA-48-like-carrying hybrid assemblies obtained, we found the 192 carbapenemase gene in three chromosomal sequences (3.3-5.4Mb) and 11 putative 193 plasmid sequences (2.5-149.6kb) ( Supplementary Table 3 Notably, three IncL/M(pOXA48) plasmids of 61.1-63.5kb showed high structural and 198 nucleotide similarity to a well-described, 61.8kb plasmid, pOXA-48a from strain 11978 199 (Poirel et al. 2012) , which belongs to the pOXA-48-like family (Supplementary Figure  200 1; see Supplementary Note). 201
We determined the prevalence of the different blaOXA-48-like-carrying plasmid 202 sequences across all blaOXA-48-like-carrying isolates in the sample collection (n=249) by 203
Since most pOXA-48-like sequences differ from a single ancestral variant by no more 247 than two SNPs, this suggests that they have descended from a common ancestor that 248 existed no more than 17 years prior to sampling (i.e. post 1996). 249
A tanglegram linking the plasmid-based and core genome-based phylogenies 250
shows sharing of plasmid variants between different core genome lineages, providing 251 clear evidence of plasmid horizontal transfer ( Figure 1B) . This has occurred frequently 252 between core genome lineages that are co-localised at a country level. However, the 253 core genome tree also contains 36 clonal expansions of isolates that each carry a 254 particular plasmid variant, indicative of substantial vertical transmission. The largest 255 contains 19 isolates from ST101, submitted from three hospitals across Romania. We obtained hybrid assemblies carrying blaVIM genes representing the ten GC 268 groups identified ( Supplementary Table 3 ). Amongst these, we found blaVIM in 269 putative plasmid sequences (46.0-284.3kb) in 9/10 hybrid assemblies and in one 270 chromosomal sequence (5.3Mb). Another putative plasmid sequence harbouring 9 blaVIM was obtained from an isolate harbouring two carbapenemase genes (carrying 272 also blaKPC) but excluded from further analyses due to the short contig length (2.9kb). 273
We also obtained hybrid assemblies carrying blaNDM genes representing the 15 GC 274 groups identified ( Supplementary Table 3 ). All carried blaNDM on putative plasmid 275 sequences (12.2-197.6kb). Overall, blaVIM and blaNDM-carrying plasmids harboured 276 diverse replicon types. Several also shared partial structural and/or sequence 277
homology. 278
The same short-read mapping approach used previously allowed us to 279 determine the prevalence of the different plasmid sequences across all blaVIM (n=56) 280
and blaNDM-carrying (n=79) isolates in the sample collection. Two of the blaVIM-carrying 281 plasmids (from EuSCAPE_LV006 and EuSCAPE_IT312) and one of the blaNDM-282 carrying plasmids (from EuSCAPE_RS064) were mapped over ≥90% by only the long-283 read sequenced isolate and thus were unique in this collection (Figure 2 ). However, 284 many plasmids were associated with clonal expansions of isolates, which were 285 defined as two or more same-ST isolates clustered in the core genome-based 286 phylogeny. In particular, 39/56 (69.6%) blaVIM-carrying isolates belonged to six clonal 287 expansions and 38/79 (48.1%) blaNDM-carrying isolates belonged to seven clonal 288 expansions, each with ≥99% mapping to a particular plasmid. Isolates from ST11, 289 ST15 and ST101 (and their derivatives) accounted for the majority (56.4% and 71.1%, 290 respectively) of these. restricted to a single hospital (and correspondingly have few SNP differences). A 301 further 2/6 and 1/7, respectively, contained isolates submitted from different hospitals 302 in the same country, while 4/7 of those with blaNDM-carrying isolates were from different 303 countries. While isolates from the three high-risk clonal lineages constituted 7/13 of 304 the total clonal expansions associated with particular blaVIM and blaNDM plasmids, they 305 accounted for 6/7 of those that had spread to multiple hospitals or countries. 306
We found some indications of plasmid sharing between STs, with three 307 circularised blaVIM-carrying plasmids (from EuSCAPE_GR073, EuSCAPE_ES220 and 308 EuSCAPE_RO094) and two circularised blaNDM-carrying plasmids (from 309 EuSCAPE_IE008 and EuSCAPE_RS010) mapped with short reads across ≥99% of 310 their length by isolates from different STs (Figure 2) . These often included isolates 311 from different STs submitted from the same country but never the same hospital. 312
Notably, they included a 68.4kb blaVIM-1-carrying plasmid with high similarity to the 313 pOXA-48-like plasmids that was recovered from the hybrid assembly of a ST483 314 isolate (EuSCAPE_ES220) but found also in ST11 and ST15 using short-read 315 mapping ( Figure 1B and Supplementary Figure 3 ; see Supplementary Note). 316
While plasmids shared between lineages were in general observed rarely, we 317 found one exception, which was a non-circularised blaNDM-carrying IncA/C2 plasmid 318 sequence recovered from a ST274 isolate (EuSCAPE_RS105). This was mapped 319 across ≥99% of its length by another eight ST274 isolates but also four ST101, two 320 ST147 and one ST437 isolate(s). Long-read sequencing of one of the ST101 isolates 321 (EuSCAPE_RS017) demonstrated that this IncA/C2 sequence formed part of a larger 322 plasmid sequence in this isolate comprising both IncA/C2 and IncR replicons. We 323 could not find the additional plasmid sequence, nor evidence of an IncR replicon, 324 within the assembly of EuSCAPE_RS105. However, only three SNPs were found 325 across 101.4kb of shared sequence between the two plasmids (Supplementary 326 We obtained 44 blaKPC-carrying hybrid assemblies from isolates representing 333 43 GC groups. These included two isolates from the same group selected to 334 investigate possible plasmid transfer between STs (for details on these, see 335 Figure 5 ). The blaKPC gene was found on a 336 chromosomal sequence (3.8Mb) in one hybrid assembly, and on putative plasmid 337 sequences (7.9-313.6kb) in the remaining 43. We found diverse replicon types 338 amongst these putative plasmids, including those from the single clonal lineage of 339 ST258/512. This lineage contains 230/312 (73.7%) of all blaKPC-carrying isolates in the 340 sample collection. 341
Supplementary Note; Supplementary
Pairwise sequence comparisons between 24 circularised blaKPC-carrying 342 plasmids indicated that 15 were structural variants of two major IncF backbone types: 343 backbone I (n=9) and backbone II (n=6) (Figure 3) . The first backbone type represents 344 pKpQIL-like plasmids and we found that two have an identical size and structure to 345 Figure 7) . 348
Both backbone types I and II were found in ST258/512 and were geographically 349 dispersed. Overall we found poor concordance between the plasmid types carrying 350 blaKPC genes and the phylogeny of the host strain, including within ST258/512 ( Figure  351 3 Figure 8) . However, many isolates carry two or more of the 356 reference plasmids, including 66 ST258/512 isolates that have ≥99% mapping to four 357 distinct plasmid types with ColRNAI, IncX3, IncFII(K)/IncFIB(pQIL) (i.e. backbone I) 358
and IncFII(K)/IncFIB(K) (i.e. backbone II) replicons. This means that several of the 359 reference plasmid sequences are frequently present in the same isolate, either in the 360 same or a different structural arrangement, and we cannot infer which one (or more) 361 contains the carbapenemase gene using the short sequence reads. 362
We therefore used an alternative approach that takes advantage of blaKPC 363 genes typically being on longer contigs in the short-read genome assemblies than 364 other carbapenemases ( Table 1) . We compared each of the short-read contigs 365
harbouring blaKPC genes (n=312) with each of the 24 circularised blaKPC-carrying 366 plasmids from the hybrid assemblies. If ≥98% of the contig sequence could be aligned 367 to a plasmid, we considered this as a match ( Supplementary Figure 9; We next aimed to understand the evolutionary processes that have led to blaKPC 376 genes being carried on diverse plasmids within ST258/512, with a low degree of 377 congruence between the plasmid type carrying blaKPC and the core genome-based 378 phylogeny. First, we determined if the plasmids on which we found blaKPC are stably 379 associated with the ST258/512 lineage or have been acquired repeatedly from outside 380 of the lineage. We constructed phylogenetic trees of 91 pKpQIL-like plasmids and 135 381
IncX3 plasmids from ST258/512 isolates. These were from isolates that had short 382 reads that mapped to ≥99% of the plasmid reference sequences, and comprised 383 48.9% and 95.1% of ST258/512 isolates possessing a IncFIB(pQIL) and IncX3 384 replicon, respectively. Comparisons of these plasmid-based trees with a core genome-385 based phylogeny of ST258/512 isolates revealed shared evolutionary histories, 386
suggestive of single acquisitions early in the lineage history (Figure 4) . IncX3 plasmid 387 sequences with and without a blaKPC gene (as confirmed using the hybrid assemblies) 388
were also intermingled in the phylogenetic tree of IncX3 plasmids, further indicative of 389 vertical propagation of the plasmid within the lineage coupled with occasional gain 390 and/or loss of blaKPC (Figure 4B) . While phylogenetic reconstructions were not 391 undertaken for the ColRNAI plasmid (due to a lack of diversity) or the backbone II 392 plasmid (due to very high gene content variation), sequence comparisons of these 393 plasmids with and without blaKPC genes showed high similarity between their 394 backbones, indicative of a common origin ( Supplementary Figures 10 and 11; see 395 Supplementary Note). These findings suggest that blaKPC genes can be maintained 396 by plasmid backbones that are stable within the lineage. However, they do not reveal 397 whether blaKPC genes have moved between plasmids within a single cell, or whether 398 they have repeatedly been imported into ST258/512 plasmids from other strains (from 399 either within or outside of ST258/512). 400
To distinguish between these possibilities, we next used the TETyper tool 401 ST258/512 isolates harbouring blaKPC genes, and classified into "combined" variants 407 based on both structural and SNP variation. We found two predominant combined 408 variants, Tn4401a-1 (n=42) and Tn4401a-2 (n=176), which differ by a single SNP that 409 also distinguishes the blaKPC-2 and blaKPC-3 gene variants. These variants correlate well 410 with the core genome-based phylogeny of ST258/512, with 42/46 (91.3%) isolates in 411 one major clade (clade 1) carrying Tn4401a-1, and 175/184 (95.1%) isolates in the 412 second major clade (clade 2) carrying Tn4401a-2 (Figure 5) . This indicates a single 413 major acquisition of Tn4401 (carrying blaKPC) by an ancestor of this lineage, followed 414 by relatively stable association during the clonal expansion of ST258/512. Taken 415 together, the combined stability of both the plasmids and Tn4401 transposon within 416 the ST258/512 lineage suggests that Tn4401 (carrying blaKPC) has moved primarily 417 between plasmids in the same bacterial cell or between genetically identical cells 418 (such as those in a clonal infection). We also cannot rule out movement of Tn4401 419 between plasmids from different strains, provided that these strains are from the same 420 major clade of ST258/512 (i.e. possess the same combined variant of Tn4401). 421
However, the data is not compatible with frequent movement of Tn4401 between 422 strains from different major clades, or frequent import of Tn4401 into ST258/512 from 423 outside of the lineage. to be markers of backbone I and II plasmids, these findings further support the 433 dominant role of the two backbone types as vectors of blaKPC genes. They also indicate 434 that blaKPC genes are typically mobilised between these plasmid types by larger 435 recombination events (i.e. >10kb) which transfer Tn4401 together with additional 436 flanking sequence. Indeed we found a shared 34kb sequence region around blaKPC in 437 plasmids representing backbones I and II that were recovered from closely-related 438 isolates (EuSCAPE_GR049 and EuSCAPE_MK006) (Supplementary Figure 12) . 439
Only two SNPs were found across this region, suggestive of recent transfer, in contrast 440 14 to several hundred SNPs found across the remaining homologous sequence. 441
Conversely, we found distinct Tn4401 flanking regions in the ColRNAI, IncX3, and 442
IncFIA(pKB30683) plasmids carrying blaKPC genes in the hybrid assemblies, indicative 443 of transposition of Tn4401 into these plasmids (Figure 5) . We also identified two 444 different flanking regions both upstream and downstream of Tn4401 in five ST258/512 445 isolates, suggesting that blaKPC is present in two copies. However, none of these five 446 isolates were long-read sequenced to verify this. expansions, especially of high-risk STs, have driven the spread of these plasmids. We 499 noted that associations of clonal lineages with plasmids carrying blaVIM and blaNDM 500 genes were mostly recent, suggesting that they may be typically only transient. While 501 the maximum age of any clonal expansion associated with a particular plasmid was 502 estimated to be 5.8 years, most were much younger than this. We also found that 503 plasmid sharing between lineages was coupled with structural changes in the 504 plasmids that accumulate over time. We propose that high rates of recombination and 505 rearrangement amongst plasmids could partially explain both the transient 506 associations between lineages and plasmids, as well as the absence of any single 507 dominant plasmid found across multiple lineages. 508
The most striking example of the reliance on high-risk clones is provided by the 509 blaKPC gene. Since its discovery in 1996, this gene has disseminated worldwide at a 510 plasmids was unknown. Here we have shown that several of the key plasmid types 518 carrying blaKPC genes, including pKpQIL-like plasmids, are stably associated with the 519 ST258/512 lineage. Our data support a single acquisition of blaKPC by an early 520 ancestor of the lineage, followed by movement of the gene between different plasmid 521 types in the same bacterial cell. This was coupled with frequent recombination and 522 rearrangement events between different plasmid types, leading to a complex array of 523 mosaic structures carrying blaKPC genes in the ST258/512 lineage. 524
We acknowledge several limitations of our study. First, we required 525 carbapenemase-carrying contigs in the short-read assemblies to have ≥4 genes to be 526 used for defining GC groups, which then guided selection of isolates for long-read 527 sequencing. This may have reduced the amount of plasmid diversity captured by 528 disregarding isolates carrying carbapenemase genes within particular repetitive 529 structures. Second, we used only one isolate from each GC group for long-read 530
sequencing. This meant we were unable to assess the structural diversity and 531 evolution of plasmids within shorter timescales, such as within clonal expansions of 532 blaVIM and blaNDM-carrying isolates. We could also not confirm the stable presence of 533 the carbapenemase gene on particular plasmids within these clonal expansions. 534
Finally, the use of short-read mapping to reference plasmids had varying levels of 535 utility and appropriateness. While it was useful for identification and phylogenetic 536 analyses of stable plasmids (e.g. the pOXA-48-like plasmid), the common occurrence 537 of mosaic plasmids could make these data difficult to interpret. 538
In summary, we have highlighted three major modes of carbapenemase gene 539 spread via plasmids. Consideration of each will be vital for incorporation of high-540
resolution plasmid data into more comprehensive genomic surveillance systems. genes that were detected in the assemblies but found with low coverage using the raw 553 sequence reads (<0.2x the coverage of the MLST gene with the lowest coverage) 554 were excluded. All remaining contigs carrying carbapenemase genes were extracted 555 from the short-read assemblies and annotated using Prokka v1.5 (Seemann, 2014) . 556
Contigs with four or more genes (including the carbapenemase) were used in the 557 subsequent clustering analysis. 558
Annotated contigs containing a particular carbapenemase gene were used as 559 input to Roary v3.11.3 (Page et al. 2015) to cluster the genes from different contigs 560 into groups based on their nucleotide identity. Roary was run using default settings 561 with the exception of the addition of the "-s" flag to prevent genes that are presumed 562 to be paralogous being split into different gene groups. Contigs were excluded if the 563 carbapenemase gene lacked a proper start or stop codon, as detected by Roary. 564
The remaining contigs were assigned to clustering groups based on the order 565 and groupings of genes surrounding the carbapenemase (Table S1 ). Those with the 566 same genes (according to the Roary gene groupings) in the same order around the 567 carbapenemase were assigned to the same clustering group, while those with different 568 genes and/or a different order were separated into different clustering groups. Contigs 569 assigned to the same clustering group could be of different lengths and have different 570 numbers of genes, with some contigs extending beyond others. Contigs could also 571 belong to multiple clustering groups (i.e. if they matched multiple, usually larger contigs 572 that are themselves different). Contigs that belonged to a single clustering group were 573 assigned to a genetic context (GC) group, while those that belonged to multiple 574 clustering groups were identified as having an "ambiguous" genetic context ( Table  575 S2). This clustering method is equivalent to finding all maximal cliques in a graph 576 (Eppstein et al. 2013 ) and the solutions were obtained using a C++ script 577 (https://github.com/darrenstrash/quick-cliques). 578 579 Culture, DNA extraction and long-read sequencing 580
Seventy-nine isolates were selected for long-read sequencing ( Table S3) . 581
These include one isolate from each of the GC groups, with the exception of one 582 blaOXA-48-like group and two blaKPC groups for which representative isolates were 583
unavailable. An additional eight blaOXA-48-like-carrying isolates were also included, while 584 two blaKPC-carrying isolates from the same GC group but different STs were selected 585 to investigate possible within-hospital plasmid transfer. 586
The samples were grown on MacConkey agar plates at 37°C overnight and this 587 was repeated until single colonies were visible on the plates. Single colonies of each 588 sample were grown overnight in 7mL of low salt lysogeny broth (LB) in a shaking 589 incubator. Three mL of this culture was spun down at the maximum number of 590 revolutions per minute (RPM) for three minutes and the supernatant was discarded. 591
The pellet was resuspended in 500µL of lysis buffer, incubated at 80°C for five minutes 592 and then cooled. Two hundred and seventy-five µL of 3M sodium acetate was added 593 to the samples, which were vortexed briefly to mix. They were then spun at the 594 maximum RPM for ten minutes. The supernatant was removed and added to clean 595 Eppendorf tubes. Five µL of RNAse A was added and the samples incubated for 30 596 minutes at 37°C before cooling. Two hundred µL of protein precipitate solution 597 (Promega) was added, and the samples were incubated on ice for five minutes before 598 being spun at the maximum RPM for three minutes. Finally, ethanol precipitation was 599
performed. 600
Library preparation for all isolates was performed using the SMRTbell Template 601
Prep Kit 1.0. Long-read sequencing of 39 isolates was performed on the RSII 602 instrument from Pacific Biosciences using C4/P6 chemistry, and 40 isolates were 603 sequenced on the Sequel instrument using v2.1 chemistry and a multiplexed sample 604 19 preparation. The Sequel data was demultiplexed using Lima in the SMRT link software 605 (https://github.com/PacificBiosciences/barcoding). 606 607
Hybrid assembly 608
The long-read data were assembled together with the previously obtained 609 short-reads for each sample (David et al. 2019 EuSCAPE_TR203). For these, we set the flag "--depth_filter", which represents the 613 fraction of the chromosomal depth below which contigs are filtered out, to 0.1 since 614 the carbapenemase genes were absent from the assemblies when the default setting 615 of 0.25 was used. Assembly statistics were generated using QUAST v.4.6.0 (Gurevich 616 et al. 2013 ). Assemblies were annotated using Prokka v1.5 (Seemann, 2014) . 617
Annotated assemblies are available in the European Nucleotide Archive (ENA) and 618 accession numbers can be found in Table S3 . to compare and visualise structural variation between two or more sequences. 633 634 Short-read mapping to plasmid sequences 635
Mapping of the previously generated short sequence reads (David et al. 2019 ) 636 to putative plasmid sequences obtained from the hybrid assemblies was used to 637 determine the length of the reference plasmid sequence present across isolates. 638
Comparison of blaKPC-carrying short-read contigs with complete plasmids with 706
NUCmer 707
Each short-read contig carrying a blaKPC gene was compared with each of the 708 complete blaKPC-carrying plasmids obtained from the hybrid assemblies using 709 NUCmer v3.1 (Kurtz et al. 2004) . Contigs that could be aligned over ≥98% of their 710 length to a complete plasmid were deemed to match that plasmid. 711 712
Characterisation of Tn4401 variation 713
The variation within Tn4401 and its flanking regions was characterised using 714 
Data availability 719
All raw long-read sequence data and hybrid assemblies are available from the 720 European Nucleotide Archive (ENA) under the study accession number, PRJEB33308 721 (ERP116089). Individual accession numbers for raw sequence data and hybrid 722 assemblies are also available in Supplementary Table 3 . 
